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(57) ABSTRACT

A semiconductor device according to the invention includes
p-type well region 3 and n™ source region 4, both formed
selectively 1n the surface portion of n~ drift region 2; trench 6
in contact with n™ source region 4 and extending through
p-type well region 3 into n™ drift region 2; field plate 8 formed
in trench 6 with first insulator film 7 interposed between the
trench 6 inner surface and field plate 8; gate electrode 10
formed 1n trench 6 with second insulator film 9 interposed
between the trench 6 side wall and gate electrode 10, gate
clectrode 10 being formed above field plate 8; first insulator
film 7 being thicker than second insulator film 9; and n™™
lightly doped region 21 inn~ dnit region 2, n~~ lightly doped
region 21 crossing under the bottom surface of trench 6 from
the corner portion thereof, n™~ lightly doped region 21 cov-
ering the bottom surface of trench 6.

The semiconductor device according to the invention and the
method of manufacturing the semiconductor device accord-
ing to the invention facilitate lowering the ON-state voltage,
preventing the breakdown voltage from lowering, lowering
the gate capacitance, and reducing the manufacturing costs.

5> Claims, 8 Drawing Sheets
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SEMICONDUCTOR DEVICE AND THE
METHOD OF MANUFACTURING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a division of U.S. application Ser. No.
13/926,4°70, filed Jun. 25, 2013 as a division of U.S. applica-

tion Ser. No. 13/067,575, filed on Jun. 9, 2011. Furthermore,
this application claims the benefit of foreign priority of Japa-
nese application 2010-133366, filed Jun. 10, 2010. The dis-

closures of these prior US and Japanese applications are
incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates to semiconductor devices and
the method of manufacturing the semiconductor devices.

BACKGROUND

As one of the metal-oxide-semiconductor field-efiect tran-
sistors (hereinatter referred to as the “MOSFET’s”) having a
trench-structure, a MOSFET having a field-plate structure
including a field plate biased at a source potential and formed
in the bottom of a trench, 1n which a gate electrode 1s formed,
1s known to the persons skilled 1n the art. Heremnafter, the
field-plate structure described above will be referred to as a
“vertical field-plate structure”. By providing a MOSFET with
the vertical field-plate structure, the breakdown voltage will
be lowered hardly, even 11 the impurity concentration in the
drift region 1s high. Therefore, the ON-state voltage 1is
reduced and the gate capacitance (parasitic capacitance) 1s
reduced.

FIG. 16 1s the cross sectional view of a conventional MOS-
FET having a wvertical field-plate structure (hereinafter
referred to as a “vertical-field-plate-type MOSFET™).

In the vertical-field-plate-type MOSFET shown in FIG. 16,
n~ driftregion 102 1s formed onn™ drainregion 101. Inn™ drift
region 102, an active area and an edge-termination area (not
shown) surrounding the active area are formed. The edge-
termination area functions to improve the breakdown voltage
of the active area.

In the surface portion 1n the active area of n~ drift region
102, p-type well region 103 1s formed. In the surface portion
of p-type well region 103, n™ source region 104 and p™ heavily
doped region 105 are formed selectively. Trench 106 1is
tformed through n™ source region 104 and p-type well region
103. Trench 106 1s extended 1into n™ drift region 102. In trench
106, field plate 108 1s disposed with insulator film 107 inter-
posed between field plate 108 and the trench 106 inner wall.
Field plate 108 1s connected electrically to a source electrode.
In trench 106, gate electrode 110 1s disposed above field plate
108 with gate insulator film 109 interposed between gate
clectrode 110 and the trench 106 side wall.

Field plate 108 1s positioned on the n~ drift region 102 side
of the boundary between n™ drift region 102 and p-type well
region 103. Field plate 108 1s insulated from gate electrode
110 by a first interlayer insulator film. Source electrode 112 1s
in contact with n™ source region 104 and p™ heavily doped
region 105. Source electrode 112 1s insulated from gate elec-
trode 110 by second interlayer insulator film 111. Drain elec-
trode 113 is disposed on an n™ drain region 101 surface
opposite to the n™ drain region 101 surface, on which n™ drift
region 102 1s formed. Drain electrode 113 1s in contact withn™
drain region 101.
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The following Patent Documents 1 and 2 propose vertical-
field-plate-type MOSFET’s as described below. The pro-
posed vertical-field-plate-type  MOSFET’s 1include a
GD-UMOSFET (graded-doped U-shape MOSFET) unit cell
that includes an upper trench-based gate electrode and a lower
trench-based source electrode. The use of the trench-based
source electrode 1nstead of a large gate electrode which occu-
pies the entire trench reduces the gate-to-drain capacitance
(COD) of the UMOSFET and thereby improves the switching
speed by reducing the amount of gate charging and discharg-
ing current that 1s needed during high-frequency operations.

A MOSFET obtained by providing the drift region of the
vertical-field-plate-type MOSFET (cf. FIG. 16) with a
double-layer structure (not shown) 1s well known to the per-
sons skilled in the art. In the double-layer structure, the impu-
rity concentration in the drift region on the p-type well region
side of the trench corner 1s set to be higher than the impurity
concentration in the drift region on the drain region side of the
trench corner. By providing the driit region with the double-
layer structure as described above, the ON-state voltage 1s
turther reduced on the p-type well region side 1n the drift
region. Moreover, the electric field 1s relaxed in the vicinity of
the trench bottom surface, to which the electric field 1s liable
to localization, on the drain region side in the drift region.
Theretfore, the breakdown voltage 1n the active area 1s pre-
vented from lowering.

The following Patent Document 3 proposes a semiconduc-
tor device as described below that reduces the gate capaci-
tance and improves the breakdown voltage.

The semiconductor device proposed 1n the Patent Docu-
ment 3 includes a silicon water of a first conductivity type;
trenches formed into the top surface of the wafter with a
certain spacing between the trenches, the trench extending to
a predetermined depth; an 1nsulator coating lining the side
wall and bottom of the trench; an electrically conductive gate
body filling the trench; a channel region of a second conduc-
tivity type extending into the top of the water to a first depth
shallower than the predetermined depth; a source region of
the first conductivity type extending into the channel region to
a second depth from the top of the wafer to define an 1nvert-
able channel along the side of the trench 1n the channel region
which extends between the first and second depths; a source
clectrode formed on the top surface of the waler and con-
nected to the source and channel regions; a drain electrode
connected to the bottom of the wafer; and a shallow diffusion
of the second conductivity type surrounding the bottom of the
trench.

The shallow diffusion 1s doped more lightly than the chan-
nel region substantially. The shallow diffusion i1s depleted at
all times by the built-in junction voltage at the junction
thereol to the surrounding wafter material of the first conduc-
tivity type.

The following Patent Document 4 proposes a device as
described below. The device proposed 1n the Patent Docu-
ment 4 1includes a first main electrode; a second main elec-
trode; a drain region of a second conductivity type connected
to the second main electrode; an epitaxial region ol the second
conductivity type on the drain region; a semiconductor base
region of a first conductivity type above the epitaxial region;
a trench formed through the semiconductor base region; a
gate electrode 1n the trench with an insulator film 1nterposed
between the gate electrode and the mnner wall of the trench; a
source region of the second conductivity type formed 1n the
surface portion of the semiconductor base region and 1n con-
tact with the trench, the source region being connected to the
first main electrode; a semiconductor region of the second
conductivity type between the semiconductor base region and
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the epitaxial region; and a semiconductor region of the first
conductivity type between the semiconductor region of the

second conductivity type and the epitaxial region, the semi-
conductor region of first conductivity type being 1n contact
with the semiconductor region of the second conductivity
type.

In the device proposed 1n the Patent Document 4, the cur-
rent flow between the first and second main electrodes caused
by a voltage applied 1n a predetermined direction between the
first and second main electrodes 1s controllable by a voltage
applied to the gate electrode. In the state, in which the voltage
applied 1n the predetermined direction 1s zero, the semicon-
ductor region of the second conductivity type and the semi-
conductor region of first conductivity type are depleted com-
pletely. By the expansion of the depleted region to the
surrounding of the trench bottom, the capacitance between
the drain and source and the capacitance between the drain
and gate are reduced.

The following Patent Document 5 proposes a device as
described below. The device proposed in the Patent Docu-
ment 5 includes a semiconductor substrate of a first conduc-
tivity type; a semiconductor layer of the first conductivity
type on the semiconductor substrate, the semiconductor layer
working as a drain region; a channel layer of a second con-
ductivity type opposite to the first conductivity type formed
on the semiconductor layer; a trench extending through the
channel layer into the semiconductor layer; an insulator film
on the inner wall of the trench; a gate electrode buried 1n the
trench; a source region of the first conductivity type formed in
the surface portion of the channel layer and 1n adjacent to the
trench; and a lightly doped impurity region of the first con-
ductivity type in the semiconductor layer, in which the bottom
of the trench 1s positioned.

The following Patent Document 6 proposes a semiconduc-
tor device that relaxes the electric field 1n the vicinity of the
trench bottom surface and prevents the breakdown voltage
from lowering. The semiconductor device proposed 1n the
Patent Document 6 includes a semiconductor body. The semi-
conductor body includes a first surface; a second surface; an
internal region; an edge region 1n adjacent to the internal
region; a {irst semiconductor layer of a first conductivity type
extending through the internal region to the edge region; and
one or more functional device zones of a second conductivity
type complementary to the first conductivity type, the one or
more functional device zones being 1n the internal region in
the first semiconductor layer; and an edge structure posi-
tioned 1n the edge region.

DOCUMENTS DESCRIBING THE PRIOR ARTS

Patent Documents

| Patent Document 1] U.S. Pat. No. 5,998,833

| Patent Document 2| U.S. Pat. No. 7,005,351

| Patent Document 3] Japanese Unexamined Patent Applica-
tion Publication No. 2002-026324

[Patent Document 4] Japanese Patent Publication No.
4028333

[Patent Document 5] Japanese Unexamined Patent Applica-
tion Publication No. 2007-087985

[Patent Document 6] Japanese Unexamined Patent Applica-
tion Publication No. 2008-103683
For providing the dnit region 1n the vertical-field-plate-

type MOSFET as described above (ci. FIG. 16) with a

double-layer structure, 1t 1s necessary to laminate two epi-

taxial layers 1n the drift region (double-layer epitaxial struc-

ture) or to form a deep diffusion layer in the surface portion of
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the drift region so that the impurity concentration in the drift
region on the p-type well region side may be higher than the
impurity concentration in the drift region on the drain region
side.

I1 the drift region 1s provided with a double-layer structure,
the impurity concentration in the surface portion of the drift
region 1n the edge-termination areca will be high and the
breakdown voltage 1n the edge-termination area will be low-
ered as compared with the breakdown voltage 1n the active
area. Therefore, the breakdown voltage of the entire vertical-
ficld-plate-type MOSFET will be lowered. For obtaining a
certain breakdown voltage 1n the edge-termination area, it 1s
necessary to design a new edge-termination structure.

If an epitaxial layer 1s buried selectively only in the drift
region 1n the active area to provide only the drift region in the
active area with a double-layer structure or 1f a patterning 1s
conducted to form a deep diffusion layer only 1n the drift
region 1n the active area, the breakdown voltage of the edge-
termination area may be sustained by the conventional edge-
termination structure. However, the techmiques described
above increase the manufacturing costs of the water, in which
a vertical-field-plate-type MOSFET 1s formed. In addition,
crystal defects increase in the driit region and the electric
characteristics of the vertical-field-plate-type MOSFET are
impaired.

In view of the foregoing, it 1s a first object of the invention
to obviate the problems described above. It 1s a second object
of the invention to provide a semiconductor device that exhib-
its a low ON-state voltage and to provide the manufacturing
method of the semiconductor device. It 1s a third object of the
invention to provide a semiconductor device and the manu-
facturing method thereol which facilitate preventing the
breakdown voltage of the semiconductor device from lower-
ing. It 1s a fourth object of the invention to provide a semi-
conductor device that exhibits low gate capacitance and to
provide the manufacturing method of the semiconductor
device. It 1s a fifth object of the mnvention to provide a semi-
conductor device and the manufacturing method thereof
which facilitate reducing the manufacturing costs o the semi-
conductor device.

SUMMARY OF THE INVENTION

According to a first aspect of the mvention, there 1s pro-
vided a semiconductor device including:

a first semiconductor region of a first conductivity type;

a second semiconductor region of a second conductivity
type formed 1n the surface portion of the first semiconductor
region;

a third semiconductor region of the first conductivity type
formed selectively 1n the surface portion of the second semi-
conductor region;

a trench 1n contact with the third semiconductor region, the
trench extending through the second semiconductor region
into the first semiconductor region;

a first electrode formed in the trench with a first insulator
film interposed between the side wall of the trench and the
first electrode, the first electrode being formed on the side of
the bottom surface of the trench:;

a control electrode formed in the trench with a second
insulator film interposed between the side wall of the trench
and the control electrode, the control electrode being formed
above the first electrode;

a second electrode 1n contact with the second semiconduc-
tor region and the third semiconductor region;
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a fourth semiconductor region of the first conductivity type
covering the corner portion of the trench, the fourth semicon-
ductor region being doped more lightly than the first semi-
conductor region;

the first electrode being positioned on the first semiconduc-
tor region side of the boundary between the first semiconduc-
tor region and the second semiconductor region;

the first electrode being connected electrically to the sec-
ond electrode;

and

the first insulator film being thicker than the second insu-
lator film.

According to a second aspect of the invention, the fourth
semiconductor region crosses under the bottom surface of the
trench from the corner portion of the trench such that the
fourth semiconductor region covers the bottom surface of the
trench.

According to a third aspect of the invention, the impurity
concentration in the fourth semiconductor region 1s 20% or
more and 88% or less of the impurity concentration in the first
semiconductor region.

According to a fourth aspect of the invention, there 1s
provided a semiconductor device mncluding;

a first semiconductor region of a first conductivity type;

a second semiconductor region of a second conductivity
type formed 1n the surface portion of the first semiconductor
region;

a third semiconductor region of the first conductivity type
formed selectively 1n the surface portion of the second semi-
conductor region;

a trench in contact with the third semiconductor region, the
trench extending through the second semiconductor region
into the first semiconductor region;

a first electrode formed in the trench with a first insulator
film interposed between the side wall of the trench and the
first electrode, the first electrode being formed on the side of
the bottom surface of the trench:

a control electrode formed 1n the trench with a second
insulator film interposed between the side wall of the trench
and the control electrode, the control electrode being formed
above the first electrode;

a second electrode 1n contact with the second semiconduc-
tor region and the third semiconductor region;

a fifth semiconductor region of the first conductivity type
doped more heavily than the first semiconductor region; the
fifth semiconductor region being formed 1n the portion of the
first semiconductor region positioned on the second semicon-
ductor region side of the corner portion of the trench;

the first electrode being positioned on the first semiconduc-
tor region side of the boundary between the first semiconduc-
tor region and the second semiconductor region;
the first electrode being connected electrically to the sec-
ond electrode; and
the first insulator film being thicker than the second insu-
lator film.

According to a fifth aspect of the invention, the fifth semi-
conductor region 1s 1n adjacent to the first electrode and the
control electrode via the first insulator film and the second
insulator film formed on the side wall of the trench.

According to a sixth aspect of the invention, the impurity
concentration in the fifth semiconductor region 1s 114% or
more and 500% or less of the impurity concentration in the
first semiconductor region.

According to a seventh aspect of the invention, the semi-
conductor device includes a silicon substrate working as the
first semiconductor region.
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According to an eighth aspect of the invention, the semi-
conductor device includes a silicon carbide substrate working
as the first semiconductor region.

A method of manufacturing a semiconductor device
according to a ninth aspect of the invention has the following
specific features:

First, a trench 1s formed 1n a first semiconductor region of
a first conductivity type such that the angle between the
bottom surface of the trench and the corner portion of the
trench 1s obtuse. Then, an oxide film having an arbitrary
thickness 1s formed and an 1impurity of a second conductivity
type 1s introduced 1nto the surface portion of the first semi-
conductor region. Based on the angle to the trench corner, the
thickness of the oxide film formed, the concentration of the
impurity of the second conductivity type, the 1on implantation
angle, and the acceleration voltage of the 10on implantation,
the concentration of the impurity of the first conductivity type
in the surface portion of the first semiconductor region
exposed to the corner portion of the trench 1s set to be low
selectively.

After the step of introducing an impurity described above,
a first electrode 1s formed in the trench with a first insulator
film interposed between the side wall of the trench and the
first electrode. Then, a control electrode 1s formed 1in the
trench with a second insulator film interposed between the
side wall of the trench and the control electrode. The control
clectrode 1s formed above the first electrode. Then, the impu-
rity of the second conductivity type introduced 1nto the sur-
face portion of the first semiconductor region 1s diffused to
form a fourth semiconductor region of the first conductivity
type which 1s doped more lightly than the first semiconductor
region and covering the corner portion of the trench.

According to a tenth aspect of the invention, the angle
between the bottom surface of the trench and the comer
portion of the trench 1s 120 degrees of angle or wider and 150
degrees of angle or narrower.

According to an eleventh aspect of the invention, impurity
ions of the second conductivity type are implanted at an
oblique angle between 65 degrees of angle and 80 degrees of
angle to the surface of the first semiconductor region 1n the
step (b).

A method of manufacturing a semiconductor device
according to a twelith aspect of the invention has the follow-
ing specific features:

First, a trench 1s formed 1n a first semiconductor region of
a first conductivity type. Then, an oxide film having an arbi-
trary thickness 1s formed and an 1mpurity of a second con-
ductivity type 1s introduced into the surface portion of the first
semiconductor region. Based on the thickness of the oxide
f1lm formed, the concentration of the impurity of the second
conductivity type, and the acceleration voltage of the 1on
implantation, the concentration of the impurity of the first
conductivity type 1n the surface portion of the first semicon-
ductor region exposed to the bottom surface of the trench 1s
set to be low selectively.

After the step of imntroducing an impurity described above,
a first electrode 1s formed in the trench with a first insulator
film mterposed between the side wall of the trench and the
first electrode. Then, a control electrode 1s formed 1n the
trench with a second insulator film interposed between the
side wall of the trench and the control electrode. The control
clectrode 1s formed above the first electrode.

Then, the impurity of the second conductivity type intro-
duced into the surface portion of the first semiconductor
region 1s diffused to form a fourth semiconductor region of
the first conductivity type which 1s doped more lightly than
the first semiconductor region. The fourth semiconductor
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region crosses under the bottom surface of the trench from the
corner portion thereof. The fourth semiconductor region cov-
ers the bottom surface of the trench.

According to a thirteenth aspect of the invention, impurity
ions of the second conductivity type are implanted 1n perpen-
dicular to the surface of the first semiconductor region in the
step (b).

A method of manufacturing a semiconductor device
according to a fourteenth aspect of the mvention has the
tollowing specific features:

First, a trench 1s formed 1n a first semiconductor region of
a first conductivity type. Then, an oxide film having an arbi-
trary thickness 1s formed and an impurity of a first conduc-
tivity type 1s introduced into the surface portion of the first
semiconductor region. Based on the thickness of the oxide
film formed, the concentration of the impurity of the first
conductivity type, the 1on implantation angle, and the accel-
eration voltage of the 1on implantation, the concentration of
the impurity of the first conductivity type in the surface por-
tion of the first semiconductor region exposed to the side wall
of the trench excluding the corner portion of the trench 1s set
to be high selectively.

After the step of introducing an impurity described above,
a first electrode 1s formed in the trench with a first insulator
film interposed between the side wall of the trench and the
first electrode. Then, a control electrode 1s formed 1in the
trench with a second insulator film interposed between the
side wall of the trench and the control electrode. The control
clectrode 1s formed above the first electrode.

Then, the impurity of the first conductivity type introduced
into the surface portion of the first semiconductor region 1s
diffused to form a fifth semiconductor region of the first
conductivity type which 1s doped more heavily than the first
semiconductor region. The fifth semiconductor region 1s not
so deep as to reach the corner portion of the trench.

According to a fifteenth aspect of the invention, impurity
ions of the first conductivity type are implanted at an oblique
angle between 45 degrees of angle and 80 degrees of angle to
the surface of the first semiconductor region 1n the step (b).

According to a sixteenth aspect of the invention, the semi-
conductor device includes a silicon substrate working as the
first semiconductor region.

According to a seventeenth aspect of the invention, the
semiconductor device includes a silicon carbide substrate
working as the first semiconductor region.

By arranging the fourth semiconductor region, only the
impurity concentration in the portion of the first semiconduc-
tor region in the vicinity of the trench bottom surface 1s set to
be low. By the impurity concentration setting, the impurity
concentration in the region that will work as a channel region
1s set to be higher than the impurity concentration in the
vicinity of the trench bottom surface. Therefore, the ON-state
resistance 1s reduced. By lowering the impurity concentration
in the vicinity of the trench bottom surface, the electric field
in the vicinity of the trench bottom surface 1s relaxed.

Since the fourth semiconductor region facilitates lowering
only the impurity concentration in the vicinity of the trench
bottom surface, it 1s not necessary to provide the first semi-
conductor region with a double-layer epitaxial structure.
Theretfore, the portion of the first semiconductor region, 1n
which the impurity concentration 1s low, 1s made to be nar-
rower as compared with the case, 1n which the first semicon-
ductor region 1s provide with a double-layer epitaxial struc-
ture. Due to this, the impurity concentration in the entire first
semiconductor region 1s made to be higher than the impurity
concentration in the entire drift region of the conventional
semiconductor device which employs a double-layer epi-
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taxial structure. Therefore, the ON-state resistance 1s reduced
and the electric field 1n the vicinity of the trench bottom
surface 1s relaxed more effectively as compared with the
conventional vertical-field-plate-type semiconductor device
(cl. FIG. 16).

Since 1t 1s not necessary to provide the first semiconductor
region with a double-layer epitaxial structure, the conven-
tional edge-termination structure 1s employable. Therelore,
the manufacturing costs of a water, 1n which the semiconduc-
tor device 1s formed, are reduced.

According to the fourth aspect of the invention, the
arrangement of the fifth semiconductor region facilitates set-
ting the impurity concentration to be high in the portion of the
first semiconductor region that will work as a channel region.
The arrangement of the fifth semiconductor region facilitates
increasing the carrier amount injected from the second semi-
conductor region to the first semiconductor region. Therefore,
the ON-state resistance 1s reduced.

The fifth semiconductor region 1s not formed 1n the vicinity
of the trench corner. Therefore, the impurity concentration 1n
the portion of the first semiconductor region in the vicinity of
the trench bottom surface 1s made to be lower than the impu-
rity concentration in the portion of the first semiconductor
region on the side of the second semiconductor region. Due to
this, the electric field in the vicimity of the trench bottom
surface 1s relaxed.

According to the ninth through the eleventh aspects of the
invention, a trench 1s formed such that the angle between the
bottom surface thereof and the corner portion thereof 1s
obtuse. Further, an oblique 1on 1implantation (the step of intro-
ducing an impurity) 1s conducted before forming a first elec-
trode and a control electrode 1n the trench. Since the first and
control electrodes formed in the trench work as masks, any
impurity 1s not implanted any more, in the subsequent steps,
into the impurity region formed through the step of introduc-
Ing an impurity.

After the step of introducing an impurity, the impurity
concentration in the portion of the first semiconductor region
under the trench bottom surface 1s maintained at a value lower
than the impurity concentrations in the other portions of the
first semiconductor region. Therefore, the fourth semicon-
ductor region, the impurity concentration thereof 1s lower
than the impurity concentration in the first semiconductor
region, 1s formed.

According to the twelfth or thirteenth aspects of the mnven-
tion, the step of introducing an impurity 1s conducted before
the first and control electrodes are formed 1n the trench. Since
the first and control electrodes formed 1n the trench work as
masks, any impurity 1s not implanted any more, 1n the subse-
quent steps, 1nto the impurity region formed through the step
of introducing an impurity.

After the step of introducing an impurity, the impurity
concentration in the portion of the first semiconductor region
under the trench bottom surface 1s maintained at a value lower
than the impurity concentrations in the other portions of the
first semiconductor region. Therefore, the fourth semicon-
ductor region, the impurity concentration thereof 1s lower
than the impurity concentration in the first semiconductor
region, 1s formed.

According to the fourteenth or fifteenth aspects of the
invention, an oblique 10n implantation (the step of introduc-
ing an mmpurity) is conducted before the first and control
clectrodes are formed 1n the trench. Since the first and control
clectrodes formed 1n the trench work as masks, any impurity
1s not implanted any more, 1n the subsequent steps, into the
impurity region formed through the step of introducing an
impurity.
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After the step of introducing an impurity, the impurity
concentration in the portion of the first semiconductor region
on the side wall of the trench 1s maintained at a value higher
than the impurity concentrations in the other portions of the
first semiconductor region. Therefore, the fifth semiconduc-
tor region, the impurity concentration thereof 1s higher than
the impurity concentration 1n the first semiconductor region,
1s formed.

The semiconductor device according to the mvention and
the method of manufacturing the semiconductor device
according to the invention facilitate lowering the ON-state
voltage, preventing the breakdown voltage from lowering,
lowering the gate capacitance, and reducing the manufactur-
Ing costs.

BRIEF DESCRIPTIONS OF THE DRAWINGS

FIG. 1 1s the cross sectional view of a semiconductor
device according to a first embodiment of the invention.

FIG. 2 1s a first cross sectional view of a semiconductor
substrate describing an initial step for manufacturing the
semiconductor device shown in FIG. 1.

FIG. 3 1s a second cross sectional view of the semiconduc-
tor substrate describing the step for manufacturing the semi-

conductor device subsequent to the step described 1n FIG. 2.
FIG. 4 1s a third cross sectional view of the semiconductor

substrate describing the step for manufacturing the semicon-
ductor device subsequent to the step described 1n FIG. 3.
FI1G. 5 1s a fourth cross sectional view of the semiconductor
substrate describing the step for manufacturing the semicon-
ductor device subsequent to the step described 1n FIG. 4.
FI1G. 6 1s a fifth cross sectional view of the semiconductor
substrate describing the step for manufacturing the semicon-
ductor device subsequent to the step described 1n FIG. 5.
FIG. 7 1s a sixth cross sectional view of the semiconductor
substrate describing the step for manufacturing the semicon-

ductor device subsequent to the step described 1n FIG. 6.
FIG. 8 1s the cross sectional view of a semiconductor

device according to a second embodiment of the invention.

FIG. 9 15 a first cross sectional view of a semiconductor
substrate describing an initial step for manufacturing the
semiconductor device shown in FIG. 8.

FIG. 10 1s a second cross sectional view of the semicon-
ductor substrate describing the step for manufacturing the
semiconductor device subsequent to the step described 1n
FIG. 9.

FIG. 11 1s a third cross sectional view of the semiconductor
substrate describing the step for manufacturing the semicon-
ductor device subsequent to the step described 1n FIG. 10.

FIG. 12 1s the cross sectional view of a semiconductor
device according to a third embodiment of the mnvention.

FIG. 13 1s a first cross sectional view of a semiconductor
substrate describing an initial step for manufacturing the
semiconductor device shown in FIG. 12.

FIG. 14 1s a second cross sectional view of the semicon-
ductor substrate describing the step for manufacturing the
semiconductor device subsequent to the step described 1n
FIG. 13.

FI1G. 15 1s a third cross sectional view of the semiconductor
substrate describing the step for manufacturing the semicon-
ductor device subsequent to the step described 1n FIG. 14.

FIG. 16 1s the cross sectional view of a conventional MOS-
FET having a vertical field-plate structure.

MODES FOR CARRYING OUT THE INVENTION

Now the invention will be described in detail hereinatfter
with reference to the accompanied drawings which illustrate
the preferred embodiments of the invention.
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In the descriptions herein and the attached drawings, the
n-type layer or the n-type region 1s a layer or a layer, in which

clectrons are majority carries. The p-type layer or the p-type
region 1s a layer or a layer, in which holes are majority carries.

The suflix “+” on the shoulder of the letter “n™ or “p”
indicating the conductivity type of a layer or a region 1ndi-
cates that the layer or the region i1s doped relatively heavily.
The suffix “-~” on the shoulder of the letter “n™ or “p” 1ndi-
cating the conductivity type of a layer or a region indicates
that the layer or the region 1s doped relatively lightly.

In the following descriptions and the attached drawings,
the same constituent elements are designated by the same

reference numerals and their duplicated description are omit-
ted for the sake of simplicity.

First Embodiment

FIG. 1 1s the cross sectional view of a semiconductor
device according to a first embodiment of the imnvention.

The semiconductor device shown 1n FIG. 1 1s a MOSFET
having a vertical field-plate structure (hereinafter referred to
as a “vertical-field-plate-type MOSFET™). The vertical field-
plate structure includes field plate (first electrode) 8 biased at
a source potential and gate electrode (control electrode) 10,
both buried 1n trench 6 formed 1n a semiconductor substrate.
The semiconductor substrate includes n™ drain region 1 and
n- drift region (first semiconductor region) 2 on n™ drain
region 1. The semiconductor substrate may be a silicon (S1)
substrate or a silicon carbide (S1C) substrate.

In detail, an active area, 1n which a vertical-field-plate-type
MOSFET 1s formed, and an edge-termination area (not
shown) surrounding the active area are arranged 1n n~ drift
region 2. The edge-termination area functions to improve the
breakdown voltage of the active area. In the surface portion of
n~ drift region 2 in the active area on the first major surface
side of the semiconductor substrate, p-type well region (sec-
ond semiconductor region) 3 1s formed. In the surface portion
of p-type well region 3, n™ source region (third semiconductor
region) 4 and p™ heavily doped region 5 are formed selec-
tively. The impurity concentration in p™ heavily doped region
5 1s higher than the impurity concentration in p-type well
region 3.

From the first major surtace of the semiconductor sub-
strate, trench 6 contacting with n™ source region 4 and
extended 1into n~ drift region 2 1s formed through p-type well
region 3. Field plate 8 1s disposed 1n trench 6 with first
insulator film 7 interposed between field plate 8 and the trench
6 inner wall. Field plate 8 1s connected electrically to source
clectrode 12. Gate electrode 10 1s disposed above field plate 8
in trench 6 with second insulator film 9 iterposed between
gate electrode 10 and the trench 6 side wall.

In other words, field plate 8 1s buried 1n the trench 6 bottom
and gate electrode 10 1s buried above field plate 8 1n trench 6
with second insulator film 9 interposed between field plate 8
and gate electrode 10. The portion of second msulator film 9
on the trench 6 side wall works as a gate insulator film. The
portion of second insulator film 9 between field plate 8 and
gate electrode 10 works as a first interlayer insulator film that
insulates field plate 8 and gate electrode 10 from each other.

Field plate 8 1s positioned on the n™ drift region 2 side of the
boundary between n~ driit region 2 and p-type well region 3.
The portion of gate electrode 10 on the field plate 8 side 1s
positioned on the n~ drift region 2 side of the boundary
between n~ drift region 2 and p-type well region 3. In other
words, gate electrode 10 1s buried 1n trench 6 such that gate
clectrode 10 1s extended from the first major surface of the
semiconductor substrate into n~ drift region 2. Due to the
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arrangements described above, the portion of p-type well
region 3 under n™ source region 4 adjoining to gate electrode
10 via second insulator film 9 1s inverted 1n the ON-state of the
device. Due to the inversion, an n-type channel region 1is
formed 1n p-type well region 3 under n™ source region 4 and
in n~ drift region 2.

In n~ drift region 2, n~~ lightly doped region (fourth semi-
conductor region) 21 that crosses under the trench 6 bottom
surface from the trench 6 corner portion 1s disposed. In other
words, n~~ lightly doped region 21 1s disposed under the
trench 6 bottom surface such that n™™ lightly doped region 21
wider than trench 6 covers the trench 6 corner portion. The
impurity concentration inn™ lightly doped region 21 1s lower
than the impurity concentration i n~ drift region 2. It 1s
preferable for the impurity concentration in n~~ lightly doped
region 21 to be 20% or more and 88% or less of the impurity
concentration 1 n~ drift region 2. By arranging n~~ lightly
doped region 21 as described above, 1t 1s possible to set the
impurity concentrations of n~ drift region 2 under the bottom
surface ol trench 6 and 1n the corner portions thereof to be low.
Due to the impurity concentration setting described above,
the depletion layer expanding toward n™ drain region 1 from
the junction between p-type well region 3 and n™ driit region
2 1s liable to expansion 1n the vicinity of the trench 6 bottom
surface. Therefore, the electric field 1n the vicinity of the
trench 6 bottom surface 1s relaxed and the breakdown voltage
of the active area 1s prevented from lowering.

First insulator film 7 1s thicker than second insulator film
(gate insulator film) 9. By setting first insulator film 7 to be
thicker than second insulator film 9, the breakdown voltage of
the active area may be maintained, even 1f the impurity con-
centration inn~ driftregion 2 1s set to be low. Source electrode
(second electrode) 12 1s in contact with n™ source region 4 and
p" heavily doped region 6. Source electrode 12 is insulated
from gate electrode 10 by second interlayer insulator film 11.
On the n™ drain region 1 surface, that is the second major
surface of the semiconductor substrate, drain electrode 13 1n
contact with n* drain region 1 is formed.

FIGS. 2 through 7 are the cross sectional views of a semi-
conductor substrate describing the manufacturing steps for
manufacturing the semiconductor device according to the
first embodiment of the invention.

Referring now to FIG. 2, the step of forming a trench 1s
conducted. In detail, trench 6 1s formed from the n~ dnit
region 2 side (first major surface side) of an n-type semicon-
ductor substrate including n™ drain region 1 and n~ drift
region 2 onn” drainregionl, e.g. by photolithography, into n™
drift region 2. Trench 6 1s not so deep as to reach n™ drain
region 1. The n-type semiconductor substrate may be formed
by growing n~ driit region 2 epitaxially on a substrate, that
works as n™ drain region 1.

Then, sacrifice oxide film (screen oxide film) 31 1s formed,
¢.g. by a thermal treatment, on the first major surface of the
n-type semiconductor substrate.

Then, the step of introducing an impurity 1s conducted. In
detail, 1on 1mplantation 32 1s conducted through sacrifice
oxide film 31 1n perpendicular to the first major surface of the
n-type semiconductor substrate to introduce a p-type impu-
rity such as boron (B) into the surface portion of n~ dnit
region 2. Since 10n implantation 32 1s conducted 1n perpen-
dicular to the first major surface of the n-type semiconductor
substrate, the p-type impurity 1s implanted only into the sur-
face of the region (the first major surface of the semiconduc-
tor substrate), in which trench 6 1s not formed, and the trench
6 bottom surface. It 1s effective to set the dose amount of the
p-type impurity to be 1x10'' cm™ or more and 1x10"'* cm™
or less. By setting the p-type impurity dose amount as

10

15

20

25

30

35

40

45

50

55

60

65

12

described above, the impurity concentration in n~~ lightly
doped region 21 formed later may be set at a desired value.

In the step of introducing an impurity, the p-type impurity
1s 1ntroduced selectively into the surface portion of n~ drift
region 2 to lower the n-type impurity concentration in the
surface portion of n~ drift region 2 selectively. In other words,
n-type first impurity region 33 1s formed only in the surface
portion of n~ drift region 2, 1n which trench 6 1s not formed,
and n-type second impurity region 34 1s formed only 1n the
surface portion of n~ drift region 2 exposed to the trench 6
bottom surface. First and second impurity regions 33 and 34
are doped more lightly than n™ drift region 2. It 1s effective to
set the dose amount of the p-type impurity to be 1x10" cm™
or more and 1x10'* cm™ or less.

Then, the step of forming a first electrode 1s conducted.
First, all the sacrifice oxide films 31 are removed (not 1llus-
trate). Then, first insulator film 7 1s grown, e.g. by a thermal
treatment, on the side wall and bottom surface of trench 6.
First insulator film 7 1s grown to be thicker than second
insulator film 9 grown later. After burying polysilicon 1n
trench 6, the polysilicon 1s etched back such that the polysili-
con surface will be positioned more deeply than the boundary
between n~ drift region 2 and p-type well region 3. By the
etching back, field plate 8 1s formed on the bottom side of
trench 6 as shown 1n FIG. 3.

Then, a sacrifice oxide film (not shown) 1s formed anew on
the first major surface of the semiconductor substrate and the
sacrifice oxide film 1s removed to flatten the field plate 8
surtace. In association with the to removal of the sacrifice
oxide film, first insulator film 7 1s etched back such that the
portion of first imsulator film 7 1n contact with field plate 8
remains unremoved (ci. FIG. 4).

Then, the step of forming a control electrode 1s conducted.
Second msulator film 9 1s grown by a thermal treatment on the
exposed trench 6 side wall and the exposed field plate 8
surface. Then, polysilicon 1s buried 1n trench 6 and the poly-
s1licon 1s etched back (ct. FIG. 5). By the treatments of the
polysilicon, gate electrode 10 1s formed on the opening side of
trench 6 as shown in FIG. 5. The step of flattening the field
plate 8 surface 1s conducted, if necessary. The step of flatten-
ing the field plate 8 surface 1s not conducted sometimes.

Through the steps of forming field plate 8 and gate elec-
trode 10, second n-type impurity reglen 34 formed through
the step ef introducing an impurity 1s diffused thermally by
the thermal treatment for forming first and second insulator
films 7 and 9 (the step of thermal diffusion). By the thermal
diffusion, n™~ lightly doped region 21, crossing under the
trench 6 bottom surface from the corner portion of trench 6
and covering the trench 6 bottom surface, 1s formed as shown
in FIGS. 3 through 6. Alternatively, n™™ lightly doped region
21 may be formed by conducting a thermal treatment after the
step of forming a control electrode.

Then, 1on implantation 36 1s conducted through second
insulator film 9 as shown in FIG. 6 to introduce a p-type
impurity such as boron (B) in the surface portion on the first
major surface side of the semiconductor substrate. In 10n
implantation 36, second insulator film 9 remaining on the first
major surface side of the semiconductor substrate after poly-
s1licon gate electrode 10 1s etched back 1s utilized as a screen
oxide film and gate electrode 10 1s utilized as a mask. By the
p-type impurity introduced, the n-type impurity in n-type first
impurity region 33 is compensated, the p-type impurity con-
centration in impurity region 33 1s raised, and p-type third
impurity region 37 1s formed. It 1s el

ective to set the p-type
impurity dose amount to be 1x10'? cm™ or more and 1x10'*
cm™~ or less. By setting the p-type impurity dose amount as
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described above, p-type well region 3 1s formed 1n the subse-
quent step at a desired impurity concentration.

Then, p-type third impurity region 37 1s diffused thermally
to form p-type well region 3 as shown 1n FIG. 7. In forming
p-type well region 3, second insulator film 9 remaining may
be removed before the thermal diffusion and oxide film 35
having an arbitrary thickness may be formed 1n the thermal
diffusion considering the range of the 1mpurity 1ons
implanted in the subsequent steps.

Then, n™ source region 4 and p™ heavily doped region 5 are
formed selectively, e.g. by photolithography, 1n the surface
portion of p-type well region 3. Then, second interlayer insu-
lator film 11 1s formed on the first major surface of the semi-
conductor substrate such that n™ source region 4 and p™
heavily doped region 5 are exposed and gate electrode 10 1s
covered. Then, source electrode 12, 1n contact with n™ source
region 4 and p™ heavily doped region 5, 1s formed on the first
major surface of the semiconductor substrate. Then, drain
clectrode 13, 1n contact with n™ drain region 1, 1s formed on
the second major surface of the semiconductor substrate.

Thus, the vertical-field-plate-type MOSFET shown in FIG.
1 1s completed.

According to the first embodiment of the invention, the
impurity concentration only in the portion of n™ drift region 2
in the vicinity of the trench 6 bottom surface is set to be low
by the arrangement of n~~ lightly doped region 21. Since the
impurity concentrations in the portions of n~ drift region 2,
through which a current flows 1n the ON-state of the device,
except the viciity of the trench 6 bottom surface are set to be
high, the ON-state resistance 1s reduced and the ON-state
voltage 1s reduced. By setting the impurity concentration in
the vicimty of the trench 6 bottom surface to be low, the
clectric field 1n the vicimity of the trench 6 bottom surface 1s
relaxed. Therefore, the breakdown voltage 1n the active area 1s
prevented from lowering.

Since only the impurity concentration in the vicinity of the
trench 6 bottom surface 1s set to be low due to the arrangement
ofn™" lightly doped region 21, it 1s unnecessary to provide the
drift region with a double-layer epitaxial structure. Therefore,
the portion of n~ drift region 2, 1n which the impurity concen-
tration 1s low, 1s narrowed as compared with the driit region
provided with a double-layer epitaxial structure. According to
the first embodiment of invention, the impurity concentration
in the entire drift region 1s set to be higher than the impurity
concentration in the entire driit region of the conventional
semiconductor device which employs the double-layer epi-
taxial structure. Therefore, the ON-state resistance 1s reduced
and the ON-state voltage 1s reduced according to the first
embodiment as compared with the conventional vertical-
field-plate-type MOSFET (ct. FIG. 16). Moreover, the elec-
tric field 1n the vicinity of trench 6 bottom surface is relaxed
and the breakdown voltage 1n the active area 1s prevented
from lowering according to the first embodiment. Since it 1s
not necessary to provide the drift region with a double-layer
epitaxial structure, 1t 1s possible to employ the conventional
edge-termination structure. Therefore, the manufacturing
costs of the water, in which a vertical-field-plate-type MOS-
FET i1s formed, are reduced.

The step of mtroducing an impurity is conducted before
forming ficld plate 8 and gate electrode 10 1n trench 6. Since
field plate 8 and gate electrode 10 formed in trench 6 work as
masks, any impurity 1s not implanted in the subsequent steps
into n-type second impurity region 34 formed through the
step of introducing an impurity. Therefore, the impurity con-
centration 1n n-type second impurity region 34 1s maintained
at a value lower than the impurity concentration 1 n~ drit
region 2 aiter the step of introducing an impurity. Therefore,
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it 1s possible to form n™~ lightly doped region 21, the impurity
concentration thereof 1s lower than the impurity concentra-
tion i n~ drift region 2. Although the impurity concentration
in n~ drift region 2 1s different depending on the breakdown
voltage class, the impurity concentration i n~ drift region 2

according to the first embodiment 1n the breakdown voltage
class of 100V is from 3.0x10">/cm” to 10.0x10"/cm”.

Second Embodiment

FIG. 8 1s the cross sectional view of a semiconductor
device according to a second embodiment of the invention.

The n™™ lightly doped region may be arranged only in the
corner portion of trench 6 in the semiconductor device
according to the first embodiment.

According to the second embodiment, n™~ lightly doped
region (fourth semiconductor region) 22 covers only the cor-
ner portion of trench 6 as shown in FIG. 8. In other words, the
impurity concentration of n~ lightly doped region 2 in the
corner portion of trench 6 1s reduced. Due to the impurity
concentration setting, a depletion layer 1s made to expand
casily, in the same manner as according to the first embodi-
ment, 1n the vicinity of the trench 6 corner portion, to which
the electric field 1s liable to localize. Theretore, the electric
field 1n the vicinity of the trench 6 corner portion 1s relaxed
and the breakdown voltage 1n the active area 1s prevented
from lowering. The other structures are the same with those
according to the first embodiment.

FIGS. 9 through 11 are the cross sectional views of a
semiconductor substrate describing the manufacturing steps
for manufacturing the semiconductor device according to the
second embodiment of the invention.

First, the step of forming a trench 1s conducted. As shown
in FIG. 9, trench 40 1s formed from the n~ drift region 2 side
(first major surface side) of an n-type semiconductor sub-
strate, €.g. by photolithography. Trench 40 1s not so deep as to
reach n* drain region 1. Trench 40 1s formed such that the
angle 0 between the trench 40 bottom surface and the trench
40 corner portion 1s obtuse. It 1s preferable for the angle O
between the trench 40 bottom surface and the trench 40 corer
portion to be from 120 degrees of angle to 150 degrees of
angle. The reason for this will be described later.

In the same manner as according to the first embodiment,
sacrifice oxide film 41 1s formed on the first major surface of
the semiconductor substrate. Then, the step of introducing an
impurity 1s conducted. Ion implantation 42 1s conducted
obliquely (hereinatfter referred to as “oblique 10n 1mplanta-
tion 42”) through sacrifice oxide film 41 to the first major
surface of the semiconductor substrate to introduce a p-type
impurity such as boron (B) into the surface portion of n~ drift
region 2. Here, it 1s preferable to conduct oblique 10n implan-
tation 42 at an oblique angle between 65 and 80 degrees of
angles to the first major surface of the n-type semiconductor
substrate.

As described above, the angle 0 between the trench 40
bottom surface and the trench 40 corner portion 1s obtuse. By
conducting oblique 1on 1mplantation 42 in the step of 1ntro-
ducing an impurity, p-type impurity 1ons are implanted only
into the surface portion of n~ drift region 2, in which trench 6
1s not formed (the first major surface of the semiconductor
substrate), and the corner portion of trench 40. In other words,
any p-type impurity 1on 1s not implanted into the bottom
surface of trench 40. Theretfore, the n-type impurity concen-
tration 1n the surface portion of n~ drift region 2 1s set to be low
selectively. Therefore, it 1s possible to form n-type first and
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second 1mpurity regions 43 and 44, the impurity concentra-
tions thereotf are lower than the impurity concentration 1n n~
driit region 2.

In the step of mtroducing an impurity, 1t 1s effective to
conduct oblique 10on 1implantation 42 by changing the angle 0
between the trench 40 bottom surface and the trench 40 corner
portion, the sacrifice oxide film 41 thickness, the implantation
angle of oblique 1on implantation 42, and the p-type impurity
range based on the acceleration voltage of oblique 10n
implantation 42 variously. The p-type impurity dose 1s the
same with the p-type impurity dose according to the first
embodiment. By these settings, n~~ lightly doped region 22
tormed 1n the subsequent step 1s formed at a desired impurity
concentration.

Then, all the sacrifice oxide films 41 are removed, although
not illustrated. Then, the step of forming a first electrode and
the step of forming a control electrode are conducted 1n the
same manner as according to the first embodiment. As shown
in FIG. 10, first insulator film 7, field plate 8, second 1nsulator
film 9, and gate electrode 10 are formed. By the etching for
removing sacrifice oxide film 41, the angle 0 between the
trench 40 bottom surface and the trench 40 corner portion 1s
widened, the trench 40 corner 1s shape with an arc, and trench
6 1s formed.

Then, the step of diffusion 1s conducted. By the thermal
treatment for forming first insulator film 7 and second 1nsu-
lator film 9, impurity region 44 formed through the step of
introducing an impurity 1s diffused thermally in the same
manner as impurity region 34 according to the first embodi-
ment and n~~ lightly doped region 22 covering the trench 6
corner portion 1s formed. Alternatively, n~~ lightly doped
region 22 may be formed by conducting a thermal diffusion
alter the step of forming a control electrode.

Then, 1on 1mplantation 46 1s conducted as shown in F1G. 10
through second isulator film 9 formed anew on the first
major surface of the semiconductor substrate to introduce a
p-type impurity such as boron (B) into the surface portion on
the first major surface side of the semiconductor substrate in
the same manner as according to the first embodiment. The
n-type impurity in n-type first impurity region 43 1s compen-
sated by the p-type impurity, the p-type impurity concentra-
tion in 1mpurity region 43 1s raise, and p-type third impurity
region 47 1s formed. Then, p-type third impurity region 47 1s
diffused thermally to form p-type well region 3 as shown 1n
FIG. 11. The subsequent steps are conducted 1n the same
manner as according to the first embodiment to complete the
vertical-field-plate-type MOSFET shown in FI1G. 8. The other
manufacturing techniques and conditions are the same with
those according to the first embodiment.

According to the second embodiment, the effects the same
with the eflects obtained according to the first embodiment
are obtained. According to the second embodiment, trench
40, 1n which the angle 0 between the bottom surface thereof
and the corner portion thereot 1s obtuse, 1s formed. According
to the second embodiment, oblique 1on 1implantation 42 (the
step of introducing an impurity) 1s conducted before forming
field plate 8 and gate electrode 10 1n trench 40.

Since field plate 8 and gate electrode 10 formed 1n trench
40 work as masks, any impurity 1on 1s not implanted through
the subsequent steps 1nto second impurity region 44 formed in

the step of introducing an impurity. Therefore, the impurity
concentration in second impurity region 44 1s maintained at a
value lower than the impurity concentration in n~ drift region
2 after the step of introducing an impurity. Thus, n™~ lightly
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doped region 22, the impurity concentration thereof 1s lower
than the impurity concentration in n~ drift region 2, 1s formed.

Third Embodiment

FIG. 12 1s the cross sectional view of a semiconductor
device according to a third embodiment of the mnvention. An
n-type heavily doped region may be disposed i n~ driit
region 2 mstead of the n™ lightly doped region covering the
trench bottom surface in the semiconductor device according
to the first embodiment.

As shown 1n FIG. 12, n-type heavily doped region (fifth
semiconductor region) 23 1s formed on the p-type well region
3 side of the trench 6 corner portion 1n n~ driit region 2. The
impurity concentration 1n n-type heavily doped region 23 1s
higher than the impurity concentration inn~ drift region 2. It 1s
preferable for the impurity concentration in n-type heavily
doped region 23 to be between 114% and 500% of the impu-
rity concentration inn~ drift region 2. It 1s effective for n-type
heavily doped region 23 to be adjoining to field plate 8 and
gate electrode 10 via first insulator film 7 and second 1insulator
{1lm 9 formed on the trench 6 side wall.

By disposing n-type heavily doped region 23 as described
above, 1t 1s possible to set the impurity concentration in the
portion ol n~ drift region 2 between the p-type well region 3
and the trench 6 corner portion to be high. The n-type heavily
doped region 23 1s a region, 1n which many currents flow 1n
the ON-state of the device. In other words, the ON-state
resistance in n- drift region 2 1s reduced. Any n-type heavily
doped region 23 1s not formed under the trench 6 bottom
surface nor 1n the trench 6 corner portion. Therefore, the
impurity concentrations in the portions of n~ drift region 2
under the trench 6 bottom surface and 1n the trench 6 comer
portion are unchanged. Therelfore, the breakdown voltage in
the active area 1s maintained. The other structures are the
same with those 1n the semiconductor device according to the
first embodiment.

FIGS. 13 through 15 are the cross sectional views of a
semiconductor substrate describing the manufacturing steps
for manufacturing the semiconductor device according to the
third embodiment of the mnvention.

First, the step of forming a trench 1s conducted. As shown
in FIG. 13, trench 6 1s formed in an n-type semiconductor
substrate in the same manner as according to the first embodi-
ment. Then, sacrifice oxide film 51 1s formed on the first
major surface ol the semiconductor substrate in the same
manner as according to the first embodiment.

Then, the step of mtroducing an impurity 1s conducted.
Oblique 1on 1implantation 52 1s conducted through sacrifice
oxide film 51 to mtroduce an n-type impurity such as phos-
phorus (P) into the surface portion of n~ drift region 2. It 1s
preferable for the oblique 1on 1implantation 52 angle to the first
major surface of the semiconductor substrate to be 45 degrees
of angle or more and 80 degrees of angle or less.

By conducting oblique 1on implantation 52 in the step of
introducing an impurity, n-type impurity ions are implanted
only into the surface portion of n~ dnit region 2, in which
trench 6 1s not formed (the first major surface of the semicon-
ductor substrate), and into the side wall of trench 6 except the
corner portion thereof. In other words, any n-type impurity
ion 1s not implanted into the bottom surface of trench 6 nor the
corner portion thereof. By oblique 1on implantation 52, the
n-type impurity concentration in the surface portion of n~ drift
region 2 1s made to be high selectively. Therefore, n-type
fourth impurity region 53, the impurity concentration thereof
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1s higher than the impurity concentration inn~ drift region 2, 1s
tormed only 1n the portion of n~ drift region 2 exposed to the
trench 6 side wall.

In the step of mtroducing an impurity, 1t 1s effective to
conduct oblique 10on implantation 52 by changing the trench 6
width, the sacrifice oxide film 51 thickness, the implantation

angle ol oblique 1on 1mplantation 52, and the n-type impurity
range based on the acceleration voltage of oblique 1on
implantation 52 variously. It 1s preferable to set the dose
amount of the n-type impurity to be 1x10"" cm™ or more and
110" c¢m™ or less. By setting the n-type impurity dose
amount as described above, the impurity concentration in
n-type heavily doped region 23 formed later may be set at a
desired value.

Then, all the sacrifice oxide films 51 are removed, although
not illustrated. Then, the step of forming a first electrode and
the step of forming a control electrode are conducted 1n the
same manner as according to the first embodiment. As shown
in FIG. 14, first insulator film 7, field plate 8, second 1nsulator
film 9, and gate electrode 10 are formed.

Then, the step of diffusion 1s conducted. By the thermal
treatment for forming first insulator film 7 and second 1nsu-
lator film 9, fourth impurity region 53 formed through the step
of introducing an impurity 1s diffused thermally 1n the same
manner as according to the first embodiment. Fourth impurity
region 53 1s converted to n-type heavily doped region 23 in the
subsequent step. Alternatively, n-type heavily doped region
23 may be formed by conducting a thermal diffusion after the
step of forming a control electrode.

Then, 1on 1implantation 55 1s conducted through oxide film
54 formed anew on the first major surface of the semiconduc-
tor substrate as described in FIG. 14 to mtroduce a p-type
impurity such as boron (B) into the surface portion on the first
major surface side of the semiconductor substrate 1n the same
manner as according to the first embodiment. On the first
major surface side of the semiconductor substrate, the n-type
impurity i n-type fourth impurity region 53 1s compensated
by the p-type impurity, the p-type impurity concentration in
impurity region 33 1s raise, and p-type fifth impurity region 56
1s formed. It 1s preferable to set the dose amount of the p-type
impurity to be 1x10'° cm™ or more and 1x10'* cm™ or less.
By setting the p-type impurity dose amount as described
above, the impurity concentration in p-type well region 3
formed 1n the subsequent step may be set at a desired value.

Then, fifth impurity region 56 1s diffused thermally to form
p-type well region 3 as shown 1n FIG. 15. As a result, fourth
impurity region 53 remains as n-type heavily doped region 23
only on the side wall of trench 6 excluding the corner portion
thereol. The subsequent steps are conducted in the same
manner as according to the first embodiment to complete the
vertical-field-plate-type MOSFET shown in FIG. 12. The
other manufacturing techniques and conditions are the same
with those according to the first embodiment.

According to the third embodiment, the effects the same
with the effects obtained according to the first embodiment
are obtained. By arranging n-type heavily doped region 23 as
described above, the resistance 1n the portion of the n™ dnit
region 2, 1n which many currents tlow in the ON-state of the
device, 1s reduced. The portion of the n~ dnit region 2, 1n
which many currents flow 1n the ON-state of the device, 1s
n-type heavily doped region 23. As a result, the ON-state
resistance of the device 1s reduced. Therelore, it 1s possible to
reduce the ON-state voltage of the device. Any n-type heavily
doped region 23 is not arranged 1n the portion of the n™ dnit
region 2 between the trench 6 corner portion and n™ drain
region 1.
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Therefore, the impurity concentrations in the portion of n~
driit region 2 1n the vicinity of the trench 6 bottom surface 1s
lower than the impurity concentration in n-type heavily doped
region 23. Therelore, the breakdown voltage in the active area
1s maintained without raising the electric field 1n the vicinity
of the trench 6 bottom surface.

Oblique 10n implantation 52, that 1s the step of introducing,
an impurity, 1s conducted before forming field plate 8 and gate
clectrode 10 1n trench 6. Since field plate 8 and gate electrode
10 formed in trench 6 work as masks, any impurity 1s not
implanted, 1in the subsequent steps, into fourth impurity
region 33 formed through the step of introducing an impurity.
Therefore, the impurity concentration in fourth impurity
region 53 1s maintained at a value higher than the impurity
concentration in n~ drift region 2 after the step of introducing
an impurity. Therefore, n-type heavily doped region 23, the
impurity concentration thereof 1s higher than the impurity
concentration in n~ drift region 2, 1s formed.

Although the mvention has been described so far 1n con-
nection with an n-channel MOSFET, the conductivity types
may be inverted to each other. The invention 1s applicable to
semiconductor devices such as an IGBT having a trench-gate
structure. In that case, field plate 8 1s disposed as an electrode
(first electrode) biased at an emuitter potential. Although it
depends on the breakdown voltage class, the impurity con-
centration in n~ drift region 2 is from 2.5x10"°/cm” to 5x10*>

cm/cm” for the breakdown voltage class of 100 V.

INDUSTRIAL APPLICABILITY

The semiconductor device according to the mvention 1s
useful for power semiconductor devices and the method of
manufacturing the semiconductor device according to the
invention 1s useful for manufacturing power semiconductor
devices.

What 1s claimed 1s:

1. A method of manufacturing a semiconductor device, the
method comprising the steps of:

(a) forming a trench 1n a first semiconductor region of a first
conductivity type such that an angle between a bottom
surface of the trench and a corner portion of the trench 1s
obtuse;

(b) introducing an impurity of a second conductivity type
selectively mto a surface portion of the first semicon-
ductor region for setting a concentration of an impurity
of the first conductivity type 1n the surface portion of the
first semiconductor region exposed to the corner portion
of the trench to be low;

(¢) forming a first electrode in the trench with a first 1nsu-
lator film 1nterposed between a side wall of the trench
and the first electrode, step (¢) being conducted after the
step (b):

(d) forming a control electrode 1n the trench with a second
insulator film interposed between the side wall of the
trench and the control electrode, the control electrode
being formed above the first electrode; and

(¢) diffusing the impurity of the second conductivity type
introduced 1nto the surface portion of the first semicon-
ductor region for forming a further semiconductor
region of the first conductivity type, the further semicon-
ductor region being doped more lightly than the first
semiconductor region, the further semiconductor region
covering the corner portion of the trench.

2. The method according to claim 1, wherein the angle
between the bottom surface of the trench and the corner
portion of the trench 1s 1n a range from 120 degrees to 150
degrees.
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3. The method according to claim 1, wherein impurity 1ons
of the second conductivity type are implanted at an oblique
angle between 65 degrees and 80 degrees to the surface por-
tion of the first semiconductor region in the step (b).

4. The method according to claim 1, wherein the semicon- 53
ductor device comprises a silicon substrate.

5. The method according to claim 1, wherein the semicon-
ductor device comprises a silicon carbide substrate.
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